Abstract The feasibility of largecore-needle magnetic resonance imaging (MRI)-guided breast biopsy at 3 T was assessed. Thirty-one suspicious breast lesions shown only by MRI were detected in 30 patients. Biopsy procedures were performed in a closedbore 3-T clinical MR system on a dedicated phased-array breast coil with a commercially available add-on stereotactic biopsy device. Tissue sampling was technically successful in 29/31 (94%) lesions. Median lesion size (n=29) was 9 mm. Histopathological analysis showed 19 benign lesions (66%) and one inconclusive biopsy result (3%). At follow-up of these lesions, 15 lesions showed no malignancy, no information was available in three patients and two lesions turned out to be malignant (one lesion at surgical excision 1 month after biopsy and one lesion at a second biopsy because of a more malignant enhancement curve at 12-months follow-up MRI). Nine biopsy results showed a malignant lesion (31%) which were all surgically removed. No complications occurred. MRI-guided biopsy at 3T is a safe and effective method for breast biopsy in lesions that are occult on mammography and ultrasound. Follow-up MRI at 6 months after the biopsy should be performed in case of a benign biopsy result.
Introduction
Magnetic resonance imaging (MRI) of the breast is a promising diagnostic technique with a high sensitivity and a reasonable specificity for the detection of invasive breast tumors [1, 2] . Approximately 10% of patients with a malignant breast lesion detected on mammography has an additional malignancy that is mammographically and ultrasonographically occult [3, 4] . When these additional suspicious breast lesions are detected on MR images, histopathological analysis is required. MRI-guided tissue sampling of these "MRI-only lesions" can be accomplished by means of wire localization and surgical excision, vacuumassisted biopsy, or by large-core-needle biopsy (LCNB) [5] .
LCNB has several advantages over wire localization, including decreased invasiveness, morbidity, and costs [6, 7] . MRI-guided breast biopsy performed at 1.5T, using a 14-gauge MRI-compatible needle, has been reported to have 98% diagnostic accuracy [8] . Some authors do not recommend MRI-guided core biopsy for lesions <10 mm, because the results are often inconclusive [6, 9] . Nevertheless, the demand for biopsy of suspect sub-centimeter MRI-only lesions is high.
MRI systems operating at high magnetic fields strengths (e.g., 3T) become increasingly available in the clinical setting. The possibility of acquiring high-resolution images in a short period of time, nominates 3-T breast imaging as a promising alternative to 1.5-T imaging for diagnostic purposes. The possibility of decreasing MR data acquisition time while retaining an acceptable signal-to-noise ratio (SNR) and spatial resolution makes high-field MRI appealing for interventional purposes as well. However, if breast biopsies were to be performed at 3T, the susceptibility artifact of the needle would become larger and could complicate accurate tissue sampling. This prompted us to assess the feasibility of 3-T MRI-guided LCNB of suspicious nonpalpable breast lesions.
Materials and methods

Patient characteristics
Thirty-one women (mean age: 48 years; range: 29-78) with 32 suspicious breast lesions which were only detected by MRI (MRI-only) were examined between September 2005 and February 2008. Indications for diagnostic breast MRI were problem solving (n=11), increased risk of breast cancer (n=7), preoperative staging (n=3), work-up of a nonpalpable breast lesion (n=5), tumor-positive axillary lymph node with negative mammography (n=1), bloody nipple discharge (n=2) and unknown (n=2). Patients were referred for MRIguided biopsy from ten different hospitals. Of the 32 lesions, 18 lesions were characterized as BI-RADS-MRI III, nine lesions as BI-RADS-MRI IVand four as a BI-RADS-MRI V lesion. The BI-RADS-MRI classification of one lesion was unknown. No approval by the ethics board or informed consent was obtained because the MRI-guided breast biopsies were not performed in a study setting, but in the clinical setting. In our country, patients do not have to give informed consent for a clinical procedure.
MRI-guided biopsy procedure and equipment Second-look ultrasound was recommended in all patients; if the lesion could be retrieved on ultrasound images, ultrasound-guided biopsy was performed; if the lesion was occult on ultrasound images, MRI-guided biopsy was performed. MRI-guided biopsies were performed on a 3-T clinical MR system (Achieva, Philips Healthcare, Best, The Netherlands). Patients were placed in the prone position in a dedicated phased-array bilateral breast coil, with the affected breast in a dedicated breast coil which had an addon biopsy device with a medial and lateral compression plate ( Fig. 1 ) (MRI Devices, Würzburg, Germany). The biopsy system comprised a gadolinium-filled guiding marker tube that can be positioned in the feet-head and anterior-posterior direction along a centimeter scale and angulated around the feet-head axis from +45°to -45°d egrees. First, fat-suppressed high-resolution T1-weighted gradient-echo images were acquired after the administration of 0.1 mmol/kg gadolinium (Magnevist, BayerSchering, Germany) to verify the position of the lesion. The administration of the contrast agent was delayed as long as possible during the procedure to avoid vanishing of the target lesion. The main parameters of this MR sequence are listed in Table 1 . After correct positioning of the marker tube, the table top was moved out of the bore and local anesthesia (lidocaine 1%) was administered subcutaneously. The marker tube was replaced by a 14-gauge sterile biopsy needle surrounded by a 13-gauge needle holder (Somatex, Teltow, Germany). The needle and sheath were horizontally inserted in the breast and advanced towards the lesion. The position of the needle and sheath were confirmed by using the fat-suppressed high-resolution T1-weighted gradientecho sequence. After correct placement of the biopsy needle was confirmed, the 14-gauge biopsy gun (Somatex, Teltow, Germany) was inserted through the sheath and three to five tissue samples were obtained.
Data collection
Histopathological analysis of the lesions was performed and lesions were classified in two categories: benign or malignant. In case of a benign lesion, the images of the biopsy procedure were re-evaluated to determine whether the tissue samples were representative. If the samples were considered not representative, a second biopsy or surgical excision was performed, based on the level of suspicion of malignancy and patient preference. Malignant lesions were surgically removed. 1 Stereotactic system for MRI-guided preoperative wirelocalization and breast biopsy. This system consists of a breast coil, which can be used for diagnostic MRI of the breast, and an add-on stereotactic device. The breast is compressed by two compression plates. The system allows angulation of the needle
Results
Of the 32 suspicious MRI-only lesions, one lesion was seen on second-look ultrasound, and was therefore sampled under ultrasound guidance. In all other cases, MRI-guided biopsy was performed. In two cases, MRI-guided biopsy was not feasible: in one patient a 9-mm lesion was located directly posterior to the mammilla and in another patient a 9-mm lesion was located directly anterior to the thoracic wall (Fig. 2) . No adequate compression could be achieved in the region in which the lesions were located, which made introduction of the biopsy needle not feasible in both cases. In the other 28 patients with 29 lesions, the 3-T MRI-guided LCNB was considered to be technically successful. The size of the needle artifact was 9.5 mm. A typical example of the acquired images during the procedure is shown in Fig. 3 . None of the procedures had to be interrupted or stopped. No severe side effects were observed.
The 'MRI-only' lesion size ranged from 3 to 45 mm with a median lesion size of 9 mm. Histopathological analysis of the biopsy samples resulted in 19/29 (66%) benign lesions (two fibroadenomas, three fibrocystic changes, six hyperplasias/adenoses, five normal fibroglandular tissues, one intramammary lymph node, one lobular carcinoma in situ (LCIS) and one papilloma) ( Table 2 ). The results of one biopsy procedure were inconclusive (1/29, 3%). This lesion was surgically removed, histopathological analysis showed no malignancy. Follow-up was heterogeneous (Fig. 4) due to large number of referring hospitals. In summary, follow-up of the 20 non-malignant biopsies showed no malignancy in 15 cases and revealed two malignant lesions: one LCIS lesion was surgically removed 1 month after the biopsy and additional ductal carcinoma in situ (DCIS) and a small invasive ductal component were demonstrated during pathological analysis of the lump. The second case showed a more malignant kinetic enhancement curve at 12-months follow-up MRI. The lesions was sampled again and pathology showed an invasive lobular carcinoma. No follow-up information was available in three patients.
Nine lesions (9/29, 31%) showed malignant pathological features in the sampled tissue: two ductal carcinomas in situ, two invasive lobular carcinomas (apart from the lesion described above), two invasive ductal carcinomas and three adenocarcinomas ( Table 2 ). All malignant lesions were surgically removed: modified radical mastectomy (n=3), breast conserving surgery (n=3), unknown type of surgery (n=3).
Discussion
We report our preliminary experience in MRI-guided largecore-needle breast biopsies using a 3-T closed-bore clinical MRI system. In our patient series, MRI-guided LCNB was technically successful in 93% of patients (28/30). Two Fig. 2a, b Two lesions in which MRI-guided biopsy was not feasible. a A 9-mm lesion located directly posterior to the mammilla. b A 9-mm lesion located directly anterior to the thoracic wall. In both cases the part of the breast which contained the lesions could not be adequately compressed lesions could not be sampled since both lesions were located in a difficultly accessible location in the breast. In the most proximal and the most distal parts of the breast, adequate compression is difficult to achieve, which makes introduction of the biopsy needle not feasible. We advise to pursue MRI-guided breast biopsies even in these areas of the breast. If tissue sampling turns out not to be feasible, follow-up MRI is advised (to assess growth or change in the dynamic enhancement curve) or surgical excision of the lesions depending on the level of suspicion of malignancy.
To increase the diagnostic accuracy of tissue sampling of small breast tumors, vacuum-assisted biopsy systems have been proposed and are increasingly introduced in clinical practice. Vacuum-assisted biopsy has great potential in (MRI-guided) breast biopsy. When vacuum-assisted breast biopsy is performed, more tissue is sampled compared with the amount of tissue removed with LCNB. This would probably outweigh the negative effect of the larger needle artifact caused by the use of a larger biopsy needle in vacuum-assisted biopsy. However, vacuum-assisted biopsy is not available in all institutions yet and, to our knowledge, no study has directly compared the diagnostic accuracy of LCNB with a vacuum-assisted biopsy system in a randomized controlled trial. We found 19 benign (66%), one inconclusive biopsy result (3%) and nine (31%) malignant lesions. These numbers correspond to the 35%, 34% and 25% malignant lesions reported in comparable studies [8] [9] [10] . The studies by Kuhl et al. [8] and Fisher et al. [9] reported 98% (77/78) of the biopsy samples to be representative with the use of a 14-gauge needle [8] and 89% (25/28) using an 18-to 22-gauge biopsy needle [9] . The 97% (28/29) representative results we found using a 14-gauge core biopsy are comparable with the results described by Kuhl et al. [8] . In our study, two benign lesions turned out to be malignant at follow-up. The second lesion was a lobular carcinoma in situ, which was surgically removed. One LCIS lesion was surgically removed, and additional DCIS and a small (<4 mm) invasive ductal carcinoma were found at histopathological examination of the lump. The other lesion showed a more malignant kinetic enhancement curve at 12-months follow-up MRI. Because of the change in lesion characteristics, the lesion was sampled again and an invasive lobular carcinoma was found. Given the change in enhancement characteristics and the relatively long period of follow-up, it remains unclear whether the lobular carcinoma developed during follow-up or should be considered as a missed malignancy. For this reason the MRI BI-RADS lexicon committee recommend a 6-month breast-MRI follow-up after MRI-guided biopsy. Currently, only one study has been published on breast imaging at high field strength: Kuhl et al. [8] reported a prospective intra-individual comparative study performed on 37 patients with 53 enhancing breast lesions who underwent contrast-enhanced breast MRI at 1.5T and 3T. The high resolution of the 3-T images allowed depiction of lesion morphology with unprecedented accuracy [11] , suggesting a promising role for 3-T breast MRI. In this patient series, we used 14-gauge titanium biopsy needles. Large-core needles (14-gauge) are recommended for percutaneous biopsy of breast lesions to ensure sampling of sufficient tissue [12] . However, larger needles cause larger susceptibility artifacts on MR images. Furthermore, susceptibility artifacts increase with increasing field strength. This can cause a substantial signal void around the 14-gauge biopsy needle when performing MRI-guided breast biopsy at 3T, especially when the biopsy needle is placed perpendicular to the main magnetic field, as is usually the case in MRI-guided breast biopsy [9] . Our study showed that a signal void of 9.5 mm can be achieved at 3T. To our knowledge, no reports on MRI-guided breast biopsies at 3T are available. The extent of the signal void of comparable studies were 4 mm (1.5T, 14-gauge needle) [8] , 5 mm (0.5 T, 16-gauge needle) [9] and 10 mm (ultra-fast scan protocol) [9] , which is smaller than the signal void we found at 3T, as was expected. However, the 9.5-mm signal void did not reduce the accuracy of the tissue sampling. The previously mentioned studies reported a diagnostic accuracy of 98% (58/59) [8] . Fisher et al. [9] did not report the diagnostic accuracy of their patient series.
In conclusion, MRI-guided 14-gauge core-needle biopsy at 3T is a safe and effective method for breast biopsy in lesions that are occult on mammography and ultrasound. In the case of benign biopsy results, a 6-month follow-up MRI should be performed.
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